ultrathin organic molecular crystals have a clear interface and high excitonic densities with high binding energies, [16] which can comprehensively interact with excitonic states in the inorganic 2D materials and can lead to various applications for optical devices such as light-emitting devices. [17] [18] [19] Here, we demonstrated atomically thin O-I heterostructures, by stacking exfoliated monolayer MoSe 2 onto mono-/ few-layer single-crystal pentacene samples that were epitaxially grown over h-BN surfaces. We observed significant photoluminescence (PL) enhancement from the monolayer MoSe 2 and PL quenching in the pentacene layers. Photoluminescence exciton (PLE) measurements were used to prove the type-I band alignments. The atomically thin O-I heterostructures with well-controlled interfacial molecular arrangements and type-I band alignments allow us to study the efficient and layer-dependent exciton pumping across the high-quality O-I interfaces which is in contrast to previously reported O-I heterostructures [5, 6, 14, 20, 21] (with type-II band alignments). The interfacial exciton pumping efficiency from the hybridization of a wetting layer pentacene (0.5 nm thick) was measured to be ≈86 times higher than that from the photoexcitation process in MoSe 2 , although the pentacene layer has much lower optical absorption than MoSe 2 . The highly enhanced pumping efficiency is attributed to the high quantum yield (QY) in pentacene and the ultrafast energy transfer between the O-I interface. The measured interfacial pumping efficiency was sensitive to the layer number of organic 2D materials. Moreover, compared with other substrates, such as SiO 2 and h-BN, the pentacene layer has highly reduced dielectric screening effect on the many-body interactions in MoSe 2 , which resulted in the enhanced bindings of the charged excitons in monolayer MoSe 2 depending on the spacing thickness of pentacene layer. [22] Our findings provide a new way to engineer the lightmatter interactions in atomically thin semiconductors and their hybrids, enabling various new optoelectronic devices, such as ultrathin lighting diodes, heterostructure lasers, etc. Figure 1a shows the schematic configuration of the heterostructure. First, few layers of h-BN were mechanically exfoliated onto a 290 nm Si/SiO 2 substrate. Then the ultrathin 2D pentacene films were subsequently grown on the exfoliated h-BN via the physical vapor deposition (PVD) method in a tube furnace. The growth process is detailed in the author's previous work. [14] MoSe 2 monolayer was then exfoliated and stacked on the atomically thin pentacene layers to form the heterostructures. [23] This technique is a better method to avoid contamination and damage of the organic materials during the transfer process, and achieves ultraclean and intact atomic interfaces. [24] Figure 1b ,c shows the optical microscopy images of before and after transfer of monolayer MoSe 2 onto the pentacene film, respectively. The interfacial layer of pentacene grown directly over the h-BN is referred to as the wetting layer (WL) and subsequent layers above the WL are referred to as 1L and 2L. [14] After heterostructure, all individual heterostructures are characterized by Raman spectroscopy after stacking (see Figure S1 , Supporting Information) to confirm the formation of heterostructure. Atomic force microscopy (AFM) (Figure 1d and Figure S2 , Supporting Information) was further used to deterministically designate each pentacene layer based on the observed thickness. Three different heterostructures based on the thickness of pentacene layers underneath the monolayer MoSe 2 were fabricated. The optical image after stacking shown in Figure 1c shows three distinct heterostructure regions. PL spectroscopy is a sensitive probe to study the dynamic interlayer and intralayer charge transfer excitonic states which can provide evidence of coupling between the individual heterostructure layers. [2, 24, 25] The PL spectra of the various heterostructures are shown in Figure 1e , an excitonic peak around 788 nm was observed for MoSe 2 (olive curve) and pentacene showed a broad emission in the range of 550-700 nm (red curve). The PL peak intensity of the 1L MoSe 2 + WL PEN heterostructure at ≈788 nm clearly indicates ≈2. Figure S3 , Supporting Information) heterostructures. Several devices (>5) were tested and these results were repeatable after numerous measurements. Also, we tested the heterostructures of 1L MoSe 2 on 2D pentacene after one month and the enhancement factor was observed to be stable, as compared with the initial measurements ( Figure S4 , Supporting Information).
In heterostructure design, the relative band alignment is the key factor that determines the type of heterostructure. [26] Figure 2a illustrates the alignment of electronic bands of pentacene and MoSe 2 , [27] [28] [29] where the MoSe 2 /pentacene forms a type-I heterojunction. Specifically, the highest occupied molecular orbital (HOMO) of pentacene is lower than the valence band maximum (VB) of monolayer MoSe 2 and the lowest unoccupied molecular orbital (LUMO) of pentacene is higher than the conduction band minimum (CB) of monolayer MoSe 2 . As shown in Figure 2a , photoexcited carriers would transfer from pentacene to MoSe 2 due to large inbuilt potential and combine radiatively, which leads to the enhancement of the PL intensity in the MoSe 2 layer and the quenching of the PL intensity in pentacene layer ( Figure 1e ).
To further confirm the type-I band alignment nature of O-I hybrid heterostructures, photoluminescence excitation (PLE) experiments at room temperature were conducted. As shown in Figure 1e , the exciton peak position of 1L MoSe 2 is ≈788 nm (1.57 eV), which matches well with previous results. [30] [31] [32] Pentacene has a broad exciton peak shape at 585 nm (2.12 eV). [6, 14] It implies that pentacene's lowest excited energy should be larger than that of monolayer MoSe 2 . Figure 2b ,c shows the PL spectra from 1L MoSe 2 and the 1L MoSe 2 + WL PEN heterostructure with excitation wavelength of 532 nm (2.33 eV) and 750 nm (1.65 eV), respectively. Figure 2b shows the PL intensity enhancement factor (η) is still around 2.8 which matches well with PL spectrum of Figure 1e . This is due to both the MoSe 2 and pentacene layers of the heterojunction were excited with an excitation energy of 2.33 eV. The photoexcited carriers can only transfer from the pentacene layer to MoSe 2 if the band alignment is type-I. Specifically, both electrons and holes are expected to transfer to MoSe 2 (see Figure 2a ). In contrast, under an excitation wavelength of 750 nm as shown in Figure 2c , the PL intensity from 1L MoSe 2 + WL PEN www.advmat.de www.advancedsciencenews.com heterostructure is comparable to that of monolayer MoSe 2 on SiO 2 /Si substrate. In this case with 750 nm excitation, only the MoSe 2 layer was excited since the lowest excitonic energy of pentacene is ≈1.83 eV ( Figure 1e ). [33] The PL intensity from the heterostructure was slightly higher (≈1.19 times) than that from the 1L MoSe 2 sample on SiO 2 /Si substrate ( Figure 2c ). This small PL enhancement might be due to that the pentacene layer acts as a passive layer decreasing nonradiative decay from the substrate or interface, which can be supported by the slightly increased carrier lifetime for exciton (≈788 nm) peak of heterostructure than that of 1L MoSe 2 sample on SiO 2 / Si ( Figure S5 , Supporting Information). [34, 35] From the PLE measurement ( Figure 2d ), PL intensity ratio (i.e., η) decreases sharply over excitation wavelengths of 700-750 nm, which corresponds to the lowest excitonic energy band in pentacene. [33] The PLE data clearly confirm the type-I band alignment in our 1L MoSe 2 + WL PEN heterostructure. Similar PLE measurements were conducted to confirm the type-I band alignments in 1L MoSe 2 + 1L PEN and 1L MoSe 2 + 2L PEN heterostructures as shown in Figure S6 The type-I band alignments in our atomically thin O-I heterostructures allow the efficient exciton pumping across the O-I interfaces. The hybridization of a WL pentacene (≈0.5 nm) leads to PL enhancement of 2.8 times. Considering that the WL pentacene has much lower measured optical absorption than 1L MoSe 2 (≈51 times lower) at the excitation wavelength of 532 nm (see Table S1 , Supporting Information, and associated text), the exciton pumping efficiency across the O-I interface should be much higher than that from photoexcitation process in 1L MoSe 2 . To further analyze the pumping efficiencies in the different heterostructures, an internal exciton pumping efficiency enhancement factor (β) is defined as
Exciton pumping efficiency from heterostructure Exciton pumping efficiency from photoexciton in TMD HS TMD
where I HS and I TMD are the measured integrated PL intensity from the HS and 1L MoSe 2 on SiO 2 /Si substrate, respectively. A TMD and A PEN represent the measured absorption value from monolayer MoSe 2 and pentacene, respectively (Note S3 and (Figure 3a) , similar trend with the thickness-normalized PL intensities. The β values are highly related to the QYs (Note S4, Supporting Information) and carrier lifetimes in both layers, [36] photocarrier relaxation pathways, and energy transfer channels (Figure 3b ). In the 1L MoSe 2 + WL PEN heterostructure under 532 nm laser excitation, both the MoSe 2 and pentacene would be excited. The charge transfer process between O-I interfaces is typically ultrafast (6.7 ps, for instance), [6, 37, 38] which is much shorter than the measured carrier lifetime in pentacene (1128 ps) and that in monolayer MoSe 2 (448 ps) ( Figure 3c ). [35] Therefore, a large fraction of pentacene photoexcited charges (both electrons and holes) could transfer quickly to the MoSe 2 side and relax to some excited states for radiative recombination. Also, because WL pentacene has much higher QY and much lower optical absorption (Note S3 and S4 and Table S1, Supporting Information) than 1L MoSe 2 , the interfacial exciton pumping efficiency in our atomically thin heterostructures will be much higher than that from the photoexcitation process in 1L MoSe 2 , thus a high β value.
Adv. Mater. 2018, 1803986 The layer-dependent β values are highly related to the layerdependent charge transport properties in 2D pentacene. [14] As described in our previous report, [14] WL pentacene was not conductive owing to the absence of intralayer π-π stacking. The photoexcited electrons and holes in the WL are coupled through long-range coulombic forces (Figure 3d ) and are immobile within the layer. [14] These localized charges can move more efficiently across the interface of the heterostructure into the MoSe 2 . In 1L pentacene, charges are slightly more mobile within the pentacene layer and move through a hopping mechanism and are slightly more diffused along the pentacene layer (Figure 3e ). [14] Some charges diffuse and rest then transfer across the interface into the MoSe 2 layer, this results in fewer exciton pairs recombining and a lower enhancement of PL intensity from the 1L MoSe 2 + 1L PEN heterostructure. Moreover, the lower relative QYs of 1L pentacene as compared to WL pentacene (Note S4, Supporting Information) also contribute to the smaller β value. In 2L pentacene, the charges are extremely mobile and almost follow a band-like mechanism to move within the pentacene layer (Figure 3f ). [14] Hence, the charges will be more diffused along the pentacene layer rather than crossing over the interface of the junction into the MoSe 2 layer. Furthermore, 2L pentacene has the lowest relative QYs among these pentacene films (Note S4, Supporting Information), in this case, fewer photocarriers transfer to the MoSe 2 and subsequently leads to the small β value and low normalized PL intensity as shown in Figure 3a . In addition, bulk pentacene thin film has the lowest (almost ignorable) PL enhancement factor (η ≈ 1.2, Figure S3 , Supporting Information) and thus ultralow interlayer charge transfer efficiency, because bulk pentacene layer possesses the band-like charge transport mechanism (similar to 2L pentacene layer) but more traps and disorders in the thin film. [14] The comparison clearly shows that the efficient exciton pumping is only prominent at the 2D limit. MoSe 2 , τ 1 and τ 2 were extracted to be 36 and 448 ps, respectively, which are considered to be nonradiative and radiative lifetimes, respectively. [30, 34, 35] For WL pentacene, the single exponential equation The strong many-body interactions in monolayer TMDs lead to the formation of robust quasi-particles, such as excitons, trions (charged excitons), and biexciton which are extremely important for the optoelectronics device applications, such as light-emitting diodes, optical modulators, etc. [30, 39] Besides the efficient interfacial exciton pumping, the hybridization of 2D organic layers in our ultrathin O-I heterostructures would also allow us to precisely modulate the many-body interactions in the monolayer TMD via engineering the dielectric environment (Figure 4) . [32, 40] Temperature-dependent ( Figure S7 , Supporting Information) and gate-dependent PL measurements ( Figure S8 , Supporting Information) were conducted to explore the detailed modulation of many-body interactions in our heterostructure systems. In the PL spectra measured from the 1L MoSe 2 sample on SiO 2 /Si substrate and in three heterostructures at 83 K, the two PL peaks at ≈748 and ≈759 nm (Figure 4a ) are assigned to be the excitons and trions peaks of 1L MoSe 2 , respectively. [30] Based on the gate-dependent measurements ( Figure S8 , Note S5, Supporting Information), those trion peaks as shown in Figure 4a are negatively charged. The binding energy of trion in 1L MoSe 2 , energy difference between exciton and trion peak position, [32, 41] was clearly enhanced with the hybridization of organic 2D materials and this enhancement increases with increasing pentacene layer number (Figure 4b ). For instance, 1L MoSe 2 on SiO 2 /Si sample showed a measured trion binding energy of ≈23.4 meV, which matches well with the reported value. [32, 42] The trion binding energy of 1L MoSe 2 on 2L PEN is enhanced by 4.9 meV as compared with that of 1L MoSe 2 on SiO 2 /Si (Figure 4b ). The PL intensity ratio between trion and exciton peaks was also enhanced with the hybridization of pentacene and this enhancement also increases with increasing pentacene layer number (Figure 4c ). It is expected that many-body interactions in low-dimensional materials, such as monolayer TMDs, are sensitive to dielectric environment. [30] Larger dielectric screening effect can lead to smaller trion binding energy and lower PL intensity ratio between trion and exciton. [30, 43] The dielectric constant of pentacene, h-BN, and SiO 2 has the following ranking: h-BN > SiO 2 > pentacene. [43, 44] Therefore, the pentacene layer with lower dielectric constant will reduce the total screening effect on the 1L MoSe 2 sitting on top, leading to the enhanced trion binding energy of MoSe 2 in the heterostructures compared with that in the 1L MoSe 2 sample on SiO 2 /Si (Figure 4d-f ). In addition, the thicker pentacene layer can lead to the more reduced dielectric screening, thus higher trion binding energy ( Figure 4b ) and higher ratio of PL intensity between trions and excitons (Figure 4c ). The photoexcitation induced charge transfer within the heterostructures, from the small excitation power used, has a negligible effect on the ratio of PL intensity between trions and excitons (Note S6, Supporting Information). Our results provide a general way to precisely engineer the manybody interactions in atomically thin semiconductors, triggering new applications in ultrathin spintronic and valleytronic devices.
In conclusion, we have demonstrated an O-I 2D vdW heterojunction comprising of ultrathin organic pentacene and monolayer MoSe 2 . Our PL and PLE measurements strongly suggest the type-I band alignments in those heterostructures, which provide a powerful platform to explore the efficient and layer-dependent exciton pumping across the O-I interfaces. The interfacial exciton pumping efficiency could be up to ≈86 times higher than the photoexcitation pumping in 1L MoSe 2 , considering that the pentacene layer has much lower optical absorption. The high interfacial exciton pumping efficiency is related to ultrafast energy transfer across the O-I interfaces, the high quantum yields of the organic semiconductors, and the relaxation pathways of the photoexcited carriers in the hybrid system. The layer-dependent pumping efficiency is also highly related to the layer-dependent carrier transport in the atomically thin pentacene layers. Moreover, the hybridization of those atomically thin organic 2D materials has significantly modulated the many-body interactions in the monolayer MoSe 2 via precise dielectric engineering. Our demonstrations provide a general and new way to manipulate the exciton pumping and to engineer the many-body interactions in atomically thin semiconductors, enabling various novel and exciting optoelectronic implications in lighting, energy harvesting, spintronic and valleytronic devices, etc.
Experimental Section
Device Fabrication and Characterization: Ultrathin 2D pentacene singlecrystal samples were fabricated through the physical vapor deposition method over few-layer h-BN films on a SiO 2 /Si substrate (290 nm thermal oxide on p + -doped silicon). [14] The pentacene films were characterized by optical microscopy, AFM, and Raman spectroscopy to identify the number of layers and topological information. Pentacene-layer-dependent heterostructures were fabricated by dry transfer of 1L MoSe 2 flakes on the designated pentacene samples. For the MOS structure, used for back gate-dependent PL measurements, the 100 nm thick gold electrode was transferred to contact part of the MoSe 2 flakes as the probing pad .
Optical Characterization: PL and Raman measurements were conducted using a Horiba LabRAM system equipped with a confocal microscope, a charge-coupled device (CCD) Si detector, and a 532 nm diode-pumped solid-state (DPSS) laser as the excitation source. For temperature-dependent (above 83 K) measurements, the sample was placed into a microscope-compatible chamber with a low-temperature controller (using liquid nitrogen as the coolant). The electrical bias was applied using a Keithley 4200 semiconductor analyzer. The µ-PLE system employed in this study was a Horiba LabRAM system equipped with confocal optics and a CCD array silicon detector. A supercontinuum excitation light source (NKT SuperK Extreme EXR-20) with a tunable wavelength range between 490 and 2000 nm was employed. In this work, excitation wavelengths between 490 and 750 nm were used with a bandwidth of 12 nm for the chosen wavelengths, and the on-sample power was kept constant for all excitation wavelengths. The wavelength selection was achieved using a SuperK VARIA attachment allowing the tuning of both the center wavelength and the bandwidth of the filtered light. The laser light was focused on the sample surface via an objective lens. The diameter of the illuminated spot on the samples is ≈2 µm. The spectral response of the entire system was determined with a calibrated halogen-tungsten light source. Time-resolved PL (TRPL) measurements were conducted in a setup that incorporates micro-PL spectroscopy with a time-correlated single-photon counting (TCSPC) system. A linearly polarized pulsed laser (frequency doubled to 522 nm, with a 300 fs pulse width and a 20.8 MHz repetition rate) was directed to a high numerical aperture (NA = 0.7) objective (Nikon S Plan 60×). The PL signal was collected by a grating spectrometer, thereby either recording the PL spectrum through the CCD (Princeton Instruments, PIXIS) or detecting the PL intensity decay by a Si single-photon avalanche diode and the TCSPC (PicoHarp 300) system with a resolution of 20 ps. All the PL spectra were corrected for the instrument response. All the optical path length (OPL) characterizations were obtained using a phase-shifting interferometer (Vecco NT9100).
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